Purpose Re-establishment of soil nitrogen (N) capital is a priority in mine rehabilitation. We aimed to evaluate the effects of biochar addition on improving mine spoil N pools and the influence of elevated CO 2 concentration on mine rehabilitation.
Introduction
Surface mining usually involves destruction of the existing vegetation and loss or dilution of topsoil (Rate et al. 2004; Sonter et al. 2014a, b) . Simultaneously, a volume of mine spoil heaps will be created (Bradshaw 1997) . These heaps are composed of coarse rocks that are not suitable for plant growth because of deficiency of water and essential nutrients, extreme pH, coarse texture and compacted structure (Agrawal et al. 1993; Dutta and Agrawal 2000) . All these issues have prompted mineral industries to devise strategies to meet the concept of
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Electronic supplementary material The online version of this article (doi:10.1007/s11368-017-1765-6) contains supplementary material, which is available to authorized users. sustainable development (Azapagic 2004) . Deficiencies in some elements, such as phosphorus, potassium, magnesium and calcium, could be solved via the application of fertilizers (Fisher 2010) . However, given the high amounts of nitrogen (N) requirements for fully functioning soil, it will be too expensive to solve N deficiency via N fertilizer application alone (Bradshaw 2000) . Therefore, building N capital is a priority in mine rehabilitation.
Biochar, produced through pyrolysis of a wide range of biomass sources (Lehmann et al. 2006) , could improve soil water storage (Downie et al. 2009; Chen et al. 2010; Shackley et al. 2010; Novak et al. 2012 ) and soil nutrient retention (Biederman and Harpole 2013; Major et al. 2010; Bai et al. 2014 Bai et al. , 2015a and regulate soil pH due to its porous structure, high surface area, and affinity for charged particles (Keech et al. 2005) . Therefore, many studies have been devoted to determine the potential of biochar in environmental remediation Anawar et al. 2015; Gwenzi et al. 2015) . Moreover, biochar could improve soil N retention via the following mechanisms (Robertson and Groffman 2007) . These include (1) NH 4 + , NH 3 , NO 3 − and organic N adsorption increased due to increase in soil cation exchange capacity (CEC) and changes in soil pH after biochar addition (Dempster et al. 2012; Cayuela et al. 2014; Van Zwieten et al. 2014) ; (2) biochar addition increased microbial N immobilization since the presence of volatile matter in biochar could fuel microorganisms (Deenik et al. 2010 ) and (3) biochar addition reduced N 2 O emissions from soils (Yanai et al. 2007; Kammann et al. 2012) . Research on biochar addition effects on soil N pools has focused on crops and forest systems (Deenik et al. 2010; Dempster et al. 2012; Cayuela et al. 2014; Van Zwieten et al. 2014) . However, little information is available regarding the mining sites. In the context of steadily rising atmospheric CO 2 concentration (Stocker et al. 2013) , it is necessary to evaluate if elevated atmospheric CO 2 concentration would influence the success of mine rehabilitation after biochar application. It has been well documented that elevated atmospheric CO 2 concentration can improve plant production (Woodward et al. 2002; Ainsworth and Long 2005) , which offers the possibility to increase inputs of organic matter in soil and subsequently enhance soil C storage (Leavitt et al. 2001; Lichter et al. 2005; De Graaff et al. 2006; Drigo et al. 2010 ). However, the CO 2 -stimulated plant growth will also increase demand for water and mineral nutrients (Hilbert et al. 1991; Luo et al. 1994) , particularly for N (Finzi et al. 2006; Langley and Megonigal 2010) . Once the demands are not met by either increased resource availability or efficiency of resource use, plants may increase their loss of C through root turnover, respiration or exudation (Hungate et al. 1997; Drigo et al. 2007 Drigo et al. , 2008 . This has been supported by the results of numerous studies (Thomas et al. 1999; Phillips et al. 2012; Clemmensen et al. 2013) . Only a small portion of these readily available C sources can remain in soil organic matter (SOM) through physical protection by clays (Eusterhues et al. 2003; Marschner et al. 2008 ). This could provide additional substrate to soil microorganisms (Cheng 1999; Drigo et al. 2009; Anderson et al. 2013; Curlevski et al. 2014) , thereby accelerating SOM decomposition due to the so-called 'priming effect' (Dalenberg and Jager 1989) . This has been proposed as the cause for the absence of additional soil C accrual or even loss in response to greater organic C inputs under elevated atmospheric CO 2 concentration (Drake et al. 2011; Sulman et al. 2014; Van Groenigen et al. 2014) . Therefore, it is necessary to take C and N interactions into consideration when studying soil C sequestration under elevated CO 2 (De Graaff et al. 2006; Reich et al. 2006; Thornton et al. 2009 ). This is particularly important for mine spoils due to the extremely low N level of mine spoil (Dragovich and Patterson 1995) . Little information is available on the effect of elevated atmospheric CO 2 concentration on soil abiotic and biotic properties in degraded lands (Pendall and King 2007; Bradford et al. 2008; Drigo et al. 2008; Zhou et al. 2016) .
To address these gaps of knowledge, here, we selected five Australian indigenous plant species adapted to harsh environmental conditions, including one tree species (Eucalyptus crebra), two N-fixing shrubs (Acacia floribunda and Allocasuarina littoralis) and, two grasses (Austrodanthonia tenuior and Themeda australis). We aimed to evaluate the potential of using biochar in building N pools in mine spoil with these five plant species under elevated atmospheric CO 2 concentration. Due to isotopic discrimination against both 13 C and 15 N during biological C and N transformation processes, any C or N loss can result in a distinct increase in soil δ 13 C or δ 15 N (Högberg 1997; Choi et al. 2001; Ibell et al. 2010; Peri et al. 2012) . This is the main reason why both soil δ 13 C and δ 15 N are widely used as representatives of microbial activity in the soil. Specifically, soil δ 13 C are generally more enriched in microorganisms than in substrates and high soil δ 15 N value demonstrates an acceleration of N cycling (Dawson et al. 2002; Ibell et al. 2010; Peri et al. 2012) . Hence, this study used soil δ 13 C or δ 15 N to as tools to gain insight into C and N cycling in soil.
Given different physiology properties of the five plant species, we hypothesize that biochar would show species-specific characters in improving mine spoil N pool. Furthermore, in view of the extremely poor nutrition status of mine spoil, particularly N depletion, which is highly likely not satisfying the plant nutrition requirement under elevated CO 2 , we also hypothesize that elevated atmospheric CO 2 concentration would exacerbate the nutrient depletion of mine spoil. The sampling site was divided into 40 m × 40 m subplots. For each subplot, 1 t of spoil was collected. Spoil samples were transported in a cooling truck to the laboratory at the Hawkesbury Institute for the Environment (Western Sydney University, Penrith, NSW, Australia). The mine spoil was composed of coarse rocks that are not suitable for both plant and microbial growth because of deficiency of water and essential nutrients, extreme pH, up to 9.7, coarse texture and compacted structure (Fisher 2010) . The material (10 t) was sieved (104 mm mesh), homogenized and stored at 4°C until use (within 1 week after sampling). The spoil soil was mixed and homogenized with 8% biochar by weight. Pinewood (Pinus radiata) was chosen as the feedstock of biochar production. Biochar was produced through slow pyrolysis at three maximum temperatures-650°C (B650), 750°C (B750) and 850°C (B850), respectively. Specifically, the pinewood sawdust with a particle size of 25 mm was fed into the reactor continuously at 180 kg h −1 , with a rotation of 2 rpm, for 8 h per temperature. This allowed for a biomass residence time of 25 min. The biochar produced was released via a jacketed cooling screw. The basic properties of biochar are listed in Table 1 .
Establishment of plants
Seeds of E. crebra, A. floribunda, A. littoralis, A. tenuior and T. australis (Greening Australia, Richmond, NSW, Australia) were sterilized with 70% alcohol and 6% sodium hypochlorite and germinated on sterilized glass beads (3 mm diameter) in a growth chamber set at 25°C light (16 h) and 15°C dark (8 h). Plastic containers (750 cm 3 ) were filled with~6 kg of mine spoil and wetted to 10% volumetric water content (based on dry weight). Uniform 24-week-old seedlings (plumule length 10 cm) were selected and transferred to containers (three seedlings per container), which were put into one of four controlled CO 2 flow cabinets.
CO 2 controlled cabinets
Pots were incubated in four controlled CO 2 flow cabinets (4 m × 5 m × 3 m; Climatic Chambers, Vancouver, Canada). Each cabinet provided an airtight system (13,000 L airtight units) enabling the maintenance of a constant atmospheric CO 2 level of 400 (ambient) or 700 μL L −1 (elevated). The ) by removal of CO 2 from the air by a solid carbon soda filter (Sofnoline, Sigma, St Louis, MO, USA). In each CO 2 flow cabinet, maximum daily temperatures ranged from 25 to 26°C; daily minimum temperatures ranged from 15 to 16°C. Light intensity averaged 250 μE, with a 16-h photoperiod and a relative humidity of 70%. Climate data for the cabinets were stored digitally during the entire incubation period (3 years).
Experimental design
The experiment was set-up according to a split-plot design. In this design, we considered the CO 2 flow cabinets as whole plot, while the plant species (Table 2 ) and four types of biochar treatments (without biochar addition (B0), B650, B750 and B850) were considered as sub-treatments. Within each CO 2 flow cabinet, there were 30 pots.
Germinating weeds were removed upon detection, and the soil moisture content was maintained at 10% using demineralized water. Within each chamber, all pots were shuffled after each watering period to reduce potential position effects within the growth chambers. NA not available, B650, B750 and B850 biochar produced via slow pyrolysis at 650, 750, and 850°C, respectively
Spoil soil sampling and analyses
Plants were harvested at 3 years after incubation. At harvesting time, roots were shaken gently to remove loosely adhering soil. Approximately 80% of the initial soil remained in the pots, and this portion was considered as bulk soil. We took soil samples from the 'bulk soil' of each individual pot and mixed it thoroughly and then sieved through a 2-mm mesh. Approximately, two subsamples of 50 g were collected from the mixed soil randomly at each pot and packed into plastic bags. All visible roots and plant remains were carefully removed by hand picking. Fresh sub-samples were refrigerated after sampling at 4°C prior to analysis. The air-dried sub-samples were ground to fine powder by a RocklabsTM ring grinder. Approximately 40 mg of the ground soil from each sample was then transferred to a 5 mm × 8 mm tin capsule. The powders were then assessed for total C (TC), total N (TN) and C and N isotope compositions (δ 13 C and δ 15 N, respectively) using a Eurovector Elemental Analyser (Isoprime-EuroEA 3000, Milan, Italy). Stable isotope ratios are expressed in conventional δ notation as Hot water and water extracts were prepared using the method explained in Chen and Xu (2005) with little modification to determine hot water and water-extractable organic C (HWEOC and WEOC, respectively). Briefly, 7.0 g air-dried soil sample (fresh sample for water extracts) was mixed with 35 mL of distilled water, then incubated in a hot water bath at 70°C for 18 h followed by shaking for 5 min on an end-over-end shaker (shaking 1 h without incubation for water extract). After this, the suspension was centrifuged for 10 min at 10,000 rpm before filtering through Whatman 42 filter papers. Finally, the extracts were passed through a 0.45-μm filter membrane before 25 mL of the extract was used for analysis using a Shimadzu TOC-VCSH/CSN total organic C and total N analyser. Soil moisture content was performed by oven drying field moist samples to a constant weight (Rayment and Higginson 1992) . Soil pH was measured at a 1:2 soil/water (w/v) ratio.
Statistical analysis
Statistical significances of the effects of biochar application, CO 2 level (ambient or elevated) and plant species on soil properties tested in this study were determined by analysis of variance (ANOVA) with CO 2 concentrations, biochar addition and plant species as main factors. The interactions between CO 2 treatment and plant species, biochar treatments and plant species and among the three factors exhibited relatively significant effects on soil properties measured in this study (Table S1 , Electronic Supplementary Material). This demonstrates the effects of biochar application, elevated CO 2 and their interactions on soil properties are different among the plant species. Hence, we analysed the effects of biochar, CO 2 and their interactions for each plant species separately. Moreover, since interactions of biochar application and CO 2 levels on soil properties are generally not significant (Table 3) , we discussed the effects of biochar and CO 2 treatments separately. To assess biochar effects, data were pooled across ambient and elevated CO 2 concentrations (n = 6). To assess the effects of CO 2 level, data were pooled across the four biochar treatments (B0, B650, B750 and B850, respectively) (n = 12). The mean values were given along with the standard error for replicate measurements. Tukey's HSD test (P < 0.05) was used to determine the significance of differences among the treatments when the effect was significant. All analyses were performed using SPSS 22. 
Effects of biochar addition on soil properties
Biochar addition, regardless of pyrolysis temperature, significantly (P < 0.05) increased soil TC and TN concentrations, whereas decreased soil δ
13
C values across all species, with the exception observed under the C 4 grass T. australis where no significant (P > 0.05) effects on soil TN concentration were found (Tables 3 and 4 (Tables 3  and 4 ). Biochar application significantly decreased soil pH around 0.3 units across all species except for B750 on A. floribunda, B850 on A. littoralis and all the three types of biochar on C 3 grass A. tenuior (Tables 3 and 4) . A. floribunda had significant differences in soil WEOC among the three types of biochar treatments, whereas no significant variation existed as compared to the control (Tables 3 and 4) . B650 significantly increased soil WEOC for A. tenuior, whereas decreased for T. australis (Tables 3 and 4 ). Significant increase in HWEOC following biochar addition only occurred under the tree species E. crebra (Tables 3 and 4) .
Effects of elevated atmospheric CO 2 concentration on soil properties
No significant effect of elevated atmospheric CO 2 concentration was detected on any soil properties measured in this study under the grasses A. tenuior and T. australis, except significant improvement in soil moisture under A. tenuior (Tables 3 and 5 ). The CO 2 enrichment significantly (P < 0.05) increased soil pH under A. floribunda, whereas decreased HWEOC under A. littoralis (Tables 3 and 5 ). In contrast, larger responses to elevated atmospheric CO 2 concentration were detected under E. crebra. Specifically, E. crebra had significant increases in soil WEOC, HWEOC and TN concentrations, whereas significant decreases in soil pH and TC were observed (Tables 3 and 5 ).
Interactions of biochar addition and elevated atmospheric CO 2 concentration on soil properties
Interactions of biochar addition and elevated atmospheric CO 2 concentration on soil properties were generally negligible (Table 3) . Specifically, we only observed significant interactive effects in soil moisture and WEOC for the grasses A. tenuior and T. australis, respectively (Table 3) . For the Nfixing shrub A. floribunda, significant interactions existed in soil moisture, pH, WEOC and total N (Table 3) . Similarly, significant interactions were detected in soil pH, HWEOC and total N for E. crebra (Table 3) . Bc biochar treatment, CO 2 CO 2 treatment, AF and AL N-fixing shrubs Acacia floribunda and Allocasuarina littoralis, respectively, AT and TA grasses Austrodanthonia tenuior (C 3 ) and Themeda australis (C 4 ), respectively, and EC tree species Eucalyptus crebra, ns not significant (P > 0.05) *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 Table 4 Mean values of soil moisture, pH, water and hot water extractable organic carbon (WEOC and HWEOC, respectively), total carbon and nitrogen (TC and TN, respectively) and stable carbon and nitrogen isotope ratios (δ Values shown are mean (SE) (n = 6). Different lower case letters indicated significant differences in individual plant species AF and AL N-fixing shrubs Acacia floribunda and Allocasuarina littoralis, respectively, AT and TA grasses Austrodanthonia tenuior (C 3 ) and Themeda australis (C 4 ), respectively, EC tree species
Eucalyptus crebra, B0 without biochar addition, B650, B750 and B850 biochar produced via slow pyrolysis at 650, 750 and 850°C, respectively 4 Discussion
The potential of biochar in mine rehabilitation under different plant species
Our results showed statistically significant soil TN improvement following biochar incorporation under all plant species except C 4 grass, T. australis (Tables 3 and 4 ). This is inconsistent with many previous studies (Reverchon et al. , 2015 . Some studies reported that biochar amendment exhibited significant improvement in soil TN concentration (Bai et al. 2015a, b; Xu et al. 2015) , which could be ascribed to the relatively high N contents of these kinds of biochar. The biochar used in the current study has extremely low level of N (≤0.01%; Table 1 ) and thus, increased soil N can be associated with other mechanisms as discussed below. We propose four possible mechanisms to explain the positive effects of biochar incorporation on soil N in the present study: (1) increased organic inputs due to the increased plant biomass (data not present) and, subsequently, increased soil N pools; (2) decreased N leaching due to (i) increased soil microbial N immobilization, which could be ascribed to the fact that biochar, containing labile C, could fuel soil microorganisms (Smith et al. 2010; Bruun et al. 2012) ; (ii) increased NH 4 + , NH 3 , NO 3
− and organic N adsorption (Dempster et al. 2012; Cayuela et al. 2014; Van Zwieten et al. 2014) ; (3) decreased N 2 O emissions from soils (Yanai et al. 2007; Kammann et al. 2012) ; (4) enhanced biological N 2 fixation could be the key driving factor for the significant improvement in soil TN concentrations in cases of the N-fixing shrubs (DeLuca et al. 2015; Van Zwieten et al. 2015) . It is impossible for us to separate the relevance of the potential processes for increasing soil N retention here, which need further investigation in the future. However, the significant increase in soil total N demonstrated the promising prospects of biochar as a means for mine rehabilitation. However, all the four mechanisms mentioned above would cause reductions in soil δ 15 N values (Houlton et al. 2006; Högberg 1997; Xu et al. 2015) , which were absent in our data (Tables 3 and 4 ). This indicates the existence of N isotope discrimination processes in soil increasing δ 15 N (Högberg 1997; Houlton et al. 2006) . Possible processes could be (1) increased reliance on mycorrhizal fungi for N uptake in this Ndepleted environment, which would enrich soil δ 15 N (Hobbie and Colpaert 2003) and (2) enhanced plant N uptake, because plant preferentially consume light N, with relatively heavy N left in the bulk soil (; Ledgard et al. 1984; Clarkson et al. 2005; Fry 2007 ). Both of these two processes tend to occur when N become limited (Garten et al. 2011) , which makes it tenable explanations in view of the extremely N-depleted mine spoil used as the growing medium here. Hence, it deserves further study to test these explanations. Moreover, we cannot rule out the effects of N input from biochar, which probably also N values, at least for biochar produced at 650°C (Table 1) .
The effects of elevated atmospheric CO 2 concentration on mine rehabilitation
The absence of responses to elevated atmospheric CO 2 concentration in all soil properties measured in this study beneath the grass species, except soil moisture of C 3 grass A. tenuior (Tables 3 and 5) , could be attributed to spoil nutrient limitation, e.g. N, which is consistent with other studies (Nowak et al. 2004; De Graaff et al. 2006) . Surprisingly, elevated atmospheric CO 2 concentration only exert negligible influence on the N-fixing shrubs of A. floribunda and A. littoralis (Tables 3 and 5) , which was against the hypothesis that there is a competitive advantage for N-fixing plants over non-Nfixing ones when grown at elevated atmospheric CO 2 concentration (Rogers et al. 2009 ). This could be ascribed to the fact that symbiotic N fixation is energetically expensive (Hungate et al. 1999 ) and thus, substantial amounts of fixed-C would be transferred to root nodules instead of increasing plant biomass (Fotelli et al. 2011) , subsequently leading to negligible response in soil properties to elevated atmospheric CO 2 concentration. This explanation is particularly tenable in this study because the N-fixing shrubs are likely to rely largely on atmospheric N sources due to the extremely poor fertility of the mine spoil.
On the contrary, elevated CO 2 showed a significant increase in soil WEOC and HWEOC but significant decrease in soil TC under E. crebra (Tables 3 and 5 ). This might reflect the CO 2 -stimulated demands of the E. crebra plants for the water and nutrients, particularly for N (Finzi et al. 2006; Langley and Megonigal 2010) , which were not met by the extremely nutrient-poor mine spoil. Therefore, E. crebra might struggle to survive in this harsh environment via increasing C loss through root turnover, respiration or exudation (Hungate et al. 1997) , leading to significant increase in soil WEOC and HWEOC. Higher accruals of WEOC and HWEOC under tree species could induce greater SOM decomposition and thus result in higher C cycling, instead of C storage (Lagomarsino et al. 2009; Blagodatskaya et al. 2010) , which might be the main reason for the significant decrease in soil TC concentration of E. crebra (3 years). This suggested that the nutrient depletion of mine spoil is exacerbated when exposed to elevated atmospheric CO 2 concentration and thus it would be more difficult to rehabilitate mine spoil under elevated atmospheric CO 2 concentration.
Conclusions
Biochar addition significantly increase soil total N concentrations under all plant species except for T. australis. Among the five plant species, E. crebra had the highest soil total N. Hence, biochar addition showed the potential in mine rehabilitation in terms of improving soil N pool, especially with E. crebra. When exposed to elevated CO 2 , E. crebra probably tried to survive in the harsh environment via increasing loss of C through root turnover, respiration or exudation, which could be the key driver for the significant increase in soil WEOC and HWEOC. The increases in soil WEOC and HWEOC would subsequently induce greater SOM decomposition, leading to significant decrease in soil TC under E. crebra. This indicates that elevated CO 2 exacerbated the nutrient depletion of mine spoil and thus would exert more difficulty for mine rehabilitation.
